Since 2005, five different ballast water management systems (BWMS) based on chlorination treatment have been tested by Norwegian Institute for Water Research (NIVA) according to guidelines from the International Maritime Organization (IMO). 25 % and >50 % of all the tested discharge samples exhibited acute and chronic toxic effects on algae, respectively. In most cases this toxicity was plausibly caused by a high free residual oxidant (FRO) level (>0.08 mg Cl/l). Of the 22 disinfection by-products (DBPs) that were identified in treated water at discharge, four compounds were at times found at concentrations that may pose a risk to the local aquatic environment. However, there seemed to be no clear indication that the measured DBP concentrations contributed to the observed algal toxicity. The addition of methylcellulose instead of lignin in the test water to comply with IMO requirements seemed to limit the formation of DBP.
Introduction
More than 80 percent of world's commercial products are transported overseas by ships also carrying between 3 and 5 billion tons of ballast water around the world each year (Globallast, 2000) . An estimated 7,000 different marine and coastal species are transported as stowaways across the world's oceans every day in ballast water (Carlton, 1999) , and 84% of the world's marine ecoregions have already reported findings of so-called "invasive marine species" (WWF, 2009 ). The discharge of ship's ballast water has been recognized as a major vector for invasive aquatic species spreading into new environments (Ruiz et al., 1997) . Invasive marine species discharged into a new environment may threaten the native ecological balance, affect local economic activities such as fisheries, and even cause human fatalities. For example, the European zebra mussel has infested over 40% of internal waterways in USA (Globallast, 2000) . By invading and clogging water intake pipes, water filtration and electric generating plants, the mussel might cause 1 billion dollars cost per year (Pimentel, 2005) .
If active substances are used as disinfectant, IMO requires the manufacturers to document the potential toxicity risk of treated ballast water to the aquatic environment and to human health, including the ship crew and swimmers (IMO 2008c , IMO 2008d . According to the guidelines, all BWMS should be tested at a land-based testing facility by an independent part using at least two different test water types (seawater, brackish water and/or freshwater) with elevated content of dissolved and particulate organic matter, and a minimum of five test cycles should be conducted with each water type. Both ecotoxicological tests and chemical assessment of DBPs in ballast water at discharge have to be included.
The chemistry of chlorinated fresh water is very different to the chemistry of chlorinated seawater and brackish water. In fresh water, applied chlorine will be hydrolyzed into hypochlorous acid (HOCl) and hypochlorite ion (OCl - ), which are the main active substances and will co-exist in a pH dependent equilibrium. By introducing chlorine to seawater systems, a series of redox-reactions take place, and several reactive intermediates are formed. Chlorine can rapidly oxidize bromide ion (Br-) and iodide ion (I -) to form aqueous bromine (HOBr/OBr -) and aqueous iodine (HOI/OI -), respectively (Westerhoff et al. 2004) . The bromide ion, in concentrations of 60-70 mg/l in seawater, gives a high formation potential of bromine (HOBr/OBr-) which is the main active substances in chlorinated seawater. In seawater with a typical pH of 8, hypobromous acid (HOBr) will predominate and be the most important disinfectant with a half-life of hours to days dependent on light conditions and water quality characteristics (Liltved et al. 2006 ).
Ballast water contains various amounts of natural organic substances that, dependent on local conditions, may be oxidized to halogenated organic compounds such as trihalomethanes (THMs) and other disinfection by-products (DBPs). The DBPs most frequent found in chlorinated seawater are bromoform, dibromoacetic acid, bromoacetonitrile and traces of bromophenols (Fabbricino et al., 2005; Bowmer et al., 2010; Shi et al., 2013) . Several DBPs might be harmful to aquatic animals and humans because of their potential carcinogenic and mutagenic effects (Richardson et al., 2007) , and are regulated in drinking water and bathing water standards (WHO, 2011 , WHO, 2003 . Some DBPs can be persistent in the marine environment and may bio-accumulate in food chains (Gregg, 2009 ). The amount of organic DBPs in chlorinated ballast water is mainly dependent on the oxidant type and dosage and on the type and concentration of natural organic matter in the local ballast water (Gregg, 2009; Ichihashi et al., 1999) . The high reactivity of hypobromous acid can create a variety of brominated DBP compounds in chlorinated and ozonated marine water (Werschun et al., 2012) . In order to address this DBP formation potential when active substances are used for ballast water treatment, the joint Group of Experts on the Scientific Aspects of Marine Environmental ProtectionBallast Water Working Group GESAMP-BWWG has suggested a preliminary list of 18 compounds to be assessed in all BWMS tests before final approval (IMO, 2009a) .
Several authors have addressed the formation potential of DBPs in chlorinated and ozonated ballast water (Gregg et al., 2009; Bowmer and Linders 2010 and Tsolaki and Diamadopoulos 2010) . However, there is a lack of information about the causes and mechanisms of DBP formation, and the effects of different DBPs to the marine aquatic environment. These deficiencies have also been pointed out by Werschkun et al. (2012) . Previous work do not address the effect of concentration and nature of organic precursors on DBP formation potential, and do not compare observed toxicological effects to concentration levels of DBPs in an attempt to explain causes of toxicity. It is evident that the formation potential of different DBPs may vary considerably from test site to test site dependent of the nature of additives used to comply with the requirements regarding organic content of test water. Additives used include natural sediments from the seafloor, lignin, humic acids and a starch mixture. No previous published work has focused on the connection between the nature of the organic additive used and the abundance of various DBPs found in chlorinated ballast water.
Since 2005, five different ballast water management systems (BWMS) based on chlorination treatment have been tested at the Norwegian Institute for Water Research's (NIVA) test facility according to guidelines from the IMO. In this paper, the results from toxicity tests and DBP analyses of chlorinated ballast water during the full scale testing of these BWMS are presented. The objective of the work was to evaluate a possible correlation between measured concentrations of various DBPs detected in treated ballast water and the oxidant dosage used or the oxidant consumption by the ballast water, as well as attempting to identify the main factor causing elevated levels of certain DBPs in ballast water at the time of discharge. A further objective was to find out if the DBPs found in treated ballast water could pose a risk to the marine aquatic environment.
Material and methods

Tested Ballast Water Management Systems
The five BWMS reported here all included treatment with active substances (e.g. hypochlorous acid, hydroxyl radicals) in combination with cavitation, ultrasonic treatment or similar, and always with filtration as pre-treatment. The active substances were introduced either by direct injection or by insitu production. The latter was done by electro-chlorination or similar. During discharge, only physical treatment or neutralisation was applied, except for one BWMS that did use active substances, hence increasing the level of total residual oxidants (TRO) to a maximum of 2.0 mg/l at discharge. Each BWMS was operated by its vendor, but with inspection during operation by NIVA staff personnel to confirm and report operating parameters.
Test site facilities for full scale land-based tests
NIVA's test site facility located at Solbergstrand 20 km south of Oslo with direct access to seawater was used for the full scale land-based tests. The facility consists of four circular glass-fibre reinforced polyester tanks; one of 516 m 3 for test water preparation, and three others of 231 m 3 each for treated and control water (Figure 1) . The surfaces of the tanks are coated with coatings for ships (Balloxy HB light, Jotun, Norway)
Chemical water quality of test waters used in full scale land-based tests
Test waters with high and medium range salinities were prepared following the requirements stated in the IMO G8 guidelines (IMO, 2008) . The chemical requirements to the two test water types are shown in Table 1 . Seawater for the tests was pumped up from 60 m depth in the Oslofjord. To obtain the required salinity content of the brackish water (20-22 PSU), water was prepared by mixing seawater from 1 m depth in the fjord with freshwater. Freshwater was pumped from ground water bore holes or from a local creek. To meet the required contents of dissolved organic carbon (DOC), particulate organic carbon (POC) and total suspended solids (TSS), soluble lignin or methylcellulose, starch and kaolin were added, respectively. Methylcellulose was used only for one of the BWMS fullscale testing. The chemical compounds were added only few hours prior to commencing the test. The homogeneity in the test water tank was assured by stirring, using propellers mounted near the bottom of the tank and close to the water surface. The homogeneity of the water was checked by on-site measurements of turbidity at different depths at the centre and at the periphery of the tanks.
Test cycle description
Each BWMS was subjected to at least 10 test cycles with a minimum of five test cycles for each water quality. Two of the three water qualities defined by IMO were used, which were seawater and brackish water (See Table 1 ). Before each test cycle, all tanks and piping system were cleaned by high pressure steam . Every test cycle included the ballasting operation, 5 days storage period of treated water and control water, and discharge operations (Figure 1) . Before start-up of a test cycle, 500 m 3 of test water was prepared in the test water tank (WST). Ballasting operation consisted of pumping of at least 200m 3 test water from the WST tank, through the treatment system, and over to a storage tank (TT2). For control water, at least 200m 3 of test water was pumped to another storage tank (CT2), by-passing the treatment system. After five days storage in the dark, treated water was subjected to partial treatment or neutralisation during discharge pumping to another storage tank (TT1). The TT2 tank was then cleaned by high pressure steam, and control water was pumped in by-pass of the treatment unit to TT2. 
Sampling and sample handling during full scale tests
All samples were collected directly from the tanks immediately after pumping and mixing operations. The homogeneity of the tank's water volume was checked before sampling by on-site measurements of turbidity at different depths at the centre and at the periphery of the tank. All samples were taken as grab samples from the periphery centre of the tanks using only gravity (no pumping) through a hose by the top of the tank. The samples for TRO and chemical water quality parameters analysis were collected as 3x 1 litres in clean glass and polyethylene bottles respectively. The samples for algal and crustacean toxicity tests were collected as 1x 5 litres in clean glass bottles and filtered (0.45µm cellulose membrane filter) before the tests were initiated. The samples for DBPs analyses were collected as one replicate in six 1L glass bottles which were top-filled and closed immediately after sampling. The DBPs samples were preserved with 150 mg/L sodium thiosulphate. For the fish toxicity test, more than 300 litres test water was collected in stainless steel containers. The test water was acclimatised to test temperature prior to exposing the fish to the test water. All analyses were performed at NIVA's laboratories immediately after sampling or within 24h after sampling, except for DBP samples which were analysed by external laboratories in Norway and Germany within 7 days after sampling. All samples were transported in cooling bags to the laboratories.
Laboratory tests with strong oxidants
Lignin could be an important precursor for some DBPs and especially trihalomethanes. To assess this under controlled conditions, laboratory tests were conducted. Sodium hypochlorite was added to brackish test water with the standard addition of lignin or methylcellulose together with kaolin and starch according to the G8 chemical requirements. The dosages of sodium hypochlorite were tuned in so that the TRO concentrations measured 30 minutes after treatment were 1 mg Cl/l, 5 mg Cl/l and 15 mg Cl/l. This procedure was followed to simulate the TRO measurement timing and TRO concentrations used during BWMS testing in full-scale.
The artificial brackish water was prepared in a 5 litres clean glass bottle by mixing 3.3 litres of 2µm filtered seawater and 1.7 litres distilled water to a salinity of 22 PSU. The seawater was collected from Oslofjord at 60 m depth with a salinity of 33PSU. The test water was added 5.0 mg C/l by adding 26mg/l of lignin (Borrebond FP-P53% Bulk, Norway) or 9.6mg/l methylcellulose (Metolose SM-25 from Shin-Etsu Chemical Co., Ltd, Japan). In addition, 40mg/l of kaolin (Kaolin china clay finest powder from Sigma-Aldrich ® , Germany) and 20mg/l of corn starch flour (Maizena®, Norway) were also added. The artificial brackish water without any supplements was used as blank control. Only one replicate of each sample was prepared.
Sodium hypochlorite (GPR Rectapur, 4.5 % total Cl, 4.1 % free Cl) was added to the water in one-litre unused and annealed glass bottles and to additional 250-ml acid-washed glass bottles to obtain TRO concentrations of 1 mg Cl/l, 5 mg Cl/l and 15 mg Cl/l after a 30 min residence time at room temperature. Immediately after the sodium hypochlorite was added, the bottles were stoppered and quickly mixed. The one-litre bottles were then completely filled using a portion of the water from the associated small bottle, stoppered and then left to stand for five days in dark in room temperature. 150 mg/l sodium thiosulfate (Merck) was then added to each of the one-litre bottles to neutralise the residual oxidants and sent to an external laboratory for the quantification of trihalomethanes and bromate. The TRO concentrations after 30 min and after five days were measured in the small glass bottles, which also were stoppered and stored together with the larger bottles. The TRO consumption was calculated as the difference between the measured concentrations and the amounts added.
Acute and chronic toxicity test
Algal growth inhibition tests were done with samples from all test cycles after ballasting and at the time of discharge. The tests were performed according to International Standard ISO 10253 (2006) using the diatom Skeletonema costatum, NIVA-strain BAC 1 as test organism. The growth rate of each culture was calculated and expressed as percentage of the growth rate of control cultures in untreated ballast water. If a significant inhibition was observed in the treated ballast water, EC 50 (50 % growth inhibition) and EC 10 (10 % growth inhibition) concentrations were attempted estimated based on nonlinear regression analysis of the growth rate against the concentration of ballast water. EC 50 is regarded an acute toxicity test end point, while EC 10 is regarded a chronic toxicity test end point.
In addition to the algal toxicity tests the following acute, chronic or sub-chronic toxicity effects were performed with treated ballast water at discharge from at least one test cycle of each water quality for each BWMS; acute toxicity to the marine crustacean Acartia tonsa according to ISO 14669 (1999) , reproductive toxicity to the marine crustacean Nitocra spinipes (Bengtsson, 1987) , the Oyster embryo bioassay according to the ASTM method (E724), chronic toxicity using rotatoria reproduction test with the marine species Brachionus plicatilis according to the standard ISO/FDIS 20666 adapted for marine species, acute toxicity towards the juvenile turbot Scopthalmus maximus according to OECD Guidelines for testing of chemicals No. 203 (OECD, 1992) and chronic toxicity towards the juvenile turbot Scopthalmus maximus according to OECD Guidelines for testing of chemicals No. 215 (OECD, 2000) adapted for marine species. The tests with copepods and fish involved long term exposure with frequent renewal of test water.
Chemical analysis
Total and free residual oxidants Concentrations of total and free residual oxidants (TRO and FRO) were measured by the colorimetric DPD-method (American Public Health Association, 1995), which is currently the method recommended for measurement of TRO in seawater (Buchan et al., 2005) . The method is based on the oxidation of N,N-diethyl-p-phenylendiamin (DPD) which turns to a pink Wurster-cation in the presence of strong oxidants. The intensity of the colour is proportional to the oxidants concentration. The colour intensity is measured by a Hach DR/2000 spectrophotometer (Hach Company, Loveland, CO, USA). The method requires 10 mL water samples. The detection range of this method is 0.02-0.20 mg/L Cl 2 .
Disinfection by-products All theDBPs that was analysed are listed in Table 2 . Trihalomethanes were analysed by the purge and trap method according to US-EPA 524.2 (1995) with GC-MS detection. Bromate ions were measured by liquid ion chromatography according to NS-EN ISO 10304-1(1992) . Haloacetic acids (HAA) were determined by GC-MS after liquid-liquid extraction and derivatisation according to NS-EN ISO 23631 (2006) . Acetonitriles were analysed by liquid-liquid extraction and gas chromatography with electroncapture detection according to US EPA 551.1 (1990) method. Bromophenols were quantified by GC-MS after liquid-liquid extraction and derivatisation. Tribromobenzene, chlorotoluene and halogenated aliphates were analysed by purge and trap GC-MS according to US EPA 524.2 (1995) . Whenever an individual DBP was found in the control test water at levels ≥10 % of what was measured in the treated test water, the concentration in the treated test water was adjusted by subtracting with the concentration found in the control test water. , 2, 3, 3, 2, 3, 2, 3, 2, 3, 2, 4, 2, 4, 3, 4, 2, 3, 4, 2, 3, 4, 2, 3, 5, pentachlorophenol Haloethandioles Dichloroethanediole, tribromoethanediole Other halogenated Bromate, chlorate, vinyl chloride, carbon tetrachloride Non-halogenated benzenes Toluene, styrene, Tert-butylbenzene, dimethylbenzene (13+14), 1,2-dimethylbenzene, ethylbenzene, isopropylbenzene, n-butylbenzene, npropylbenzene, sec-butylbenzene, 4-isopopyltoluene 2.9 Environmental risk assessment A simple risk assessment of detected DBPs in the discharged waters was performed by comparing predicted environmental concentrations (PEC) with predicted no effect concentrations (PNEC) for the individual DBPs, and calculating the PEC/PNEC ratios. A ratio >1 indicate a potential risk in the environment. PEC values were calculated from the measured maximum concentration of the individual DBP for the five BWMS using active substances tested at NIVA and divided by a factor 100 to account for a realistic dilution in the recipient water based on a conservative MamPec v2.5 model output (MAMPEC, 2008) . The PNEC value for the individual DBPs were estimated using available toxicity data and derivation rules according EU TGD (2003) . Data for some compounds were often limited or completely lacking. When toxicity data was not available for the brominated compound, the toxicity data for the closest resembling chlorinated compound was used. According to Episuite 4.0, substituting Br with Cl in organic molecules reduces the aquatic toxicity only slightly.
Results and discussion
Correlation between observed toxicity and total residual oxidants
Of the 59 samples of treated water collected at the time of discharge, 32 and 15 samples exhibited chronic (EC 10 ) and acute (EC 50 ) algal toxicity, respectively. Acute crustacean and fish toxicity was observed in 1 and 2 of 13 and 11 samples, respectively, while chronic crustacean and fish toxicity was found in 5 and 2 out of 10 samples, respectively. In all samples where acute toxicity effect was observed on invertebrates and/or fish, the TRO values in these samples were above 1mg/L. All of the samples that exhibited acute or chronic crustacean and/or fish toxicity also exhibited algal toxicity; hence, the chronic toxicity end point of the algal growth inhibition test was the most sensitive of all the applied toxicity tests.
The main toxicity was expected to be caused by residual oxidants in the water. For instance, Gentile et al. (1976) found an EC 50 value for sodium hypochlorite of 0.095 mg Cl/l in a study with S. costatum (i.e. the same algae as used in the applied algal toxicity tests here). Fig. 2 shows the EC 50 and EC 10 values for algal toxicity relative to the measured FRO values in samples from the seawater and brackish water tests.
For seawater tests, the given correlation factors (R 2 ) for the exponential fits of the data points indicate a relatively good correlation; 0.81 for the acute toxicity tests ( Fig. 2A) and 0.75 for the chronic toxicity tests (Fig. 2B) . Of the 28 samples from the seawater tests, all 10 samples with EC 50 values <100 % had FRO values >0.1 mg/l, hence an acute toxic effect was expected. However, one sample with FRO values >0.1mg/l (0.13mg/l) showed neither acute nor chronic toxicity effect. Eight samples with low FRO (<0.02-0.09 mg/l) showed chronic toxicity effect.
For the brackish water tests there seemed to be no correlation between observed acute (Fig. 2C) nor chronic (Fig. 2D ) algal toxicity and measured FRO (R 2 <0.01). Of the 31 samples from the brackish water tests, only one of the five samples with EC 50 values <100 % had measured FRO values >0.1 Cl mg/l. And for six of the 26 samples that did not indicate any acute algal toxicity, the measured FRO values were above 0.1 mg Cl/l (0.11-0.37 mg Cl/l). Five of these latter samples came from the same BWMS that was using active substances during discharge. Chronic toxicity was observed with only two of these five samples. However, of the 26 brackish water samples with FRO values <0.1 mg Cl/l ten samples showed chronic toxicity effects. The FRO levels, which should better reflect the levels of the stronger oxidising agents, were ≤0.02-0.06 mg Cl/l. Though a poor correlation could be observed between toxicity effect and FRO results, especially for brackish water, approximately 75% of the samples in total did show expected results for toxicity effect related to the FRO measurements. However 18 (8 seawater and 10 brackish water samples) of 59 samples with low FRO values showed toxic effect and only five samples (1 seawater and 4 brackish water) with high FRO values showed none toxic effect. This may suggest that there may have been additional factors to residual oxidants that contributed to the observed algal growth inhibition in these samples. Disinfection by-products (DBPs) formed from the use of active substances, and which are not contributing to the TRO value, may potentially influence the algal toxicity. However, the almost absence of algal toxicity in one sample collected from one of the BWMS and in 11 samples from another BWMS that both applied active neutralisation prior to discharge, indicates that neutralisation was effective to minimise the observed toxicity in these cases. The fact that the chronic toxicity observed in only one sample, despite the TRO level was below the quantification limit (<0.02mg/l), of the 12 collected samples after neutralisation was removed after increasing of the neutralisation dosage, supports this hypothesis. Hence, post neutralisation may assure a non-toxic ballast water discharge also when toxicity effect was observed in samples where no residual oxidants could be detected prior to neutralisation. Nevertheless neutralisation only affects compounds with oxidising abilities. Hence, high levels of non-oxidising DBP may still affect the toxicity of the treated water after neutralisation.
The DBP formation during ballast water treatment and possible concomitant toxicity effects are assessed in more detail in chapter 3.2. 
Fig. 2 Observed acute toxicity EC
Disinfection by-products detected in treated test water at the time of discharge
Of the close to 100 different potential DBP compounds that have been included by NIVA when analysing samples of treated ballast water (see Table 2 ), 22 compounds were detected above the detection limit in at least one sample collected at the time of discharge. See Table 3 . The majority of the compounds on the DBP list suggested by GESAMP-BWWG for analysis in connection with risk assessment of treated ballast water (IMO, 2009a) are among these detected compounds (monochloroacetic acid was only detected above the detection limit in samples collected directly after treatment and monochloroamine was not analysed for). Notably, chlorate and dibromomethane are not included in the list from GESAMP-BWWG, but they were among the eight compounds that have been found in 50 % or more of all the treated discharge samples in which they have been analysed (see Table 3 ). The observed median and maximum concentrations of the eight most often detected DBP compounds were in the range from low µg/l to several hundred µg/l. In general, the brominated compounds were more predominant than the chlorinated counterparts with some important exceptions; chlorate and dichloromethane were found at higher concentrations than bromate and dibromomethane, respectively. Overall, the 5 most often detected compounds exhibited also the highest maximum concentration levels. Notably, tribromoacetic acid was not among the more frequently detected DBPs, however, when found the level was often relatively high (53-240 µg/l) as compared to the others DBPs. Nevertheless, some DBP can present high toxicity in low concentration therefore the toxicity effect of some DBP is studied further in the chapter 3.3. 
DBP formation and chronic algal toxicity
It is more likely to observe toxic effects from DBPs on the chronic toxicity end point (EC 10 ) of the algal growth inhibition test than on the acute toxicity end point (EC 50 ). However, to be able to distinguish between the toxic effects caused by DBPs rather than residual oxidants in the water, only samples with TRO values well below the expected no effect concentration (NOEC) of the residual oxidants should be used in such an assessment. Unfortunately, as discussed in section 3.1, the actual compounds that made up the TRO values at the time of discharge were not known. Though, assuming an EC 10 value close to 0.08 mg Cl/l for sodium hypochlorite on the algae S. costatum (deducted from the fact that EC 10 would be even lower than 0.095 mg Cl/l EC 50 value reported by Gentile et al., 1976) and, hence, using only samples with TRO values ≤0.08 mg Cl/l, a simple qualitative assessment of the possible contribution from DBPs to the observed chronic toxicity was performed. As indicated in Fig.  3 , there seemed to be no clear indication that the measured DBP concentrations affected the algal toxicity neither for individual DBPs (tribromoacetic acid, dibromochloromethane, chlorate, monobromoacetic acid and tribromomethane) frequently detected in the discharged water at levels of potential environmental concern (see section 3.4) nor for the sum of all DBPs. A direct comparison between the toxicity endpoints for the individual DBPs (see Table 4 ) and the highest levels at which they were found in the discharged waters (see Table 3 ) further substantiated this, as their concentrations were at least a factor 25 lower than the available PNEC value. 
Fig. 3 Concentrations of tribromoactetic acid (A), dibromochloromethane (B), chlorate (C), monobromoacetic acid (D), tribromomethane (E) and the sum of all DBPs (F) and the measured EC
Environmental risk from discharged DBPs
The results of a simple environmental risk assessment of the individual DBPs detected in the discharged waters are summarised in Table 4 . Four of the compounds (tribromoacetic acid, dibromochloromethane, chlorate and monobromoacetic acid) were at times found at concentrations that may pose a risk to the local aquatic environment (PEC/PNEC value >1). It should be noted that one of these compounds, chlorate, is not on the DBP list suggested by GESAMP-BWWG for analysis in connection with risk assessment of treated ballast water (IMO, 2009a) . We therefore recommend chlorate to be included in the environmental risk assessment.
The high assessment factors (AF) for many of the DBPs in the risk assessment (see Table 4 ) indicate that limited toxicity data are available. Hence, future toxicity tests on these compounds may alter the derived PNEC values considerably. Another important factor in the risk assessment is the cocktail effect from the simultaneous release of such a large range of DBPs. An environmental risk assessment should therefore include the summarised effect of all DBP compounds, at least those that have the same toxic mode of action, for example all the haloalkanes or haloacetic acids. Assessing the latter group, the PEC for tribromoacetic acid increased from 240 µg/l to 397 µg/l and the resulting calculated PEC/PNEC ratio increased from 4.0 to 6.6. However, when using the lowest available PNEC value within this group, namely that for monobromoacetic acid, gave a PEC/PNEC ratio of 99.
The second highest PEC/PNEC ratio shown in Table 4 is for Dibromochloromethane. The study from which the PNEC value was derived is taken from an IMO MEPC document (Japanese ministry of environment, 2008), and the underlying study has not been evaluated. The test endpoint for this study is a factor 1000 lower than other toxicity studies for this compound, which seems unrealistic.
However PEC values are dependant of the technology tested and the PNEC values dependant of the available published data, therefore these results of PEC/PNEC are just an indication from the five BWMS using active substances tested at NIVA and available literature references. All BWMS has to be individually evaluated for each DBP and PEC/PNEC ratio calculation. Further comparison of BWMS testing results from NIVA to DBP results from other test facilities is presented in chapter 3.5. Rosemarin et al. (1994) , 3) Kuhn and Pattard (1990) , 4) Kooijman (1981) , 5) Mayes et al. (1985) , 6) Heitmuller et al. (1981) , 7) Erickson and Hawkins (1980) , 8) Bednarz T. (1981) , 9) Linden et al. (1979) , 10) Yoshioka et al. (1985) , 11) GESAMP (1989), 12) U.S. Environmental Protection Agency (1978), 13) Cowgill and Milazzo (1991), 14) MITI (1992), 15) Groeneveld et al. (1993) . * For brominated compounds lacking toxicity data, the PNEC data from the closest resembling chlorinated compound was used instead, which was; trichloroacetic acid for tribromoacetic acid, dibromochloroacetic acid for dichlorobromoacetic acid, chlorate for bromate, dichloroacetic acid for dibromoacetic acid and lastly dibromoacetonitrile for bromochloroacetonitrile. Fig. 4 presents a comparison between the maximum DBP concentrations observed in the full scale land-based tests done at NIVA's test facility and the maximum DBP concentrations reported from tests done at other test facilities (IMO 2008a -c, IMO 2009b -d, IMO 2010a -b and IMO 2011a . The average of the maximum levels found in discharged water from the five different BWMS tested at NIVA were well above the observed median of the maximum values reported by others for bromate (2.2 times higher), for all trihalomethanes (2.1-3.2 times higher), for tri-and di-brominated haloacetic acids (1.3-3.5 times higher) and for dichloroacetic acid (4.8 times higher). These results indicate that the DBP levels found at NIVA were, in general, relatively high. However, the average of the maximum levels found at NIVA were always within the 90 percentile of the maximum levels reported by others (percentile rank of 56-85 for the above), and the overall maximum level of any of the DBPs found at NIVA were below the highest reported level reported by others. This supports the risk assessment data presented in Table 4 are relevant for these DBP concentrations measured.
Comparison of measured DBP concentrations with results from other test facilities
These somewhat high levels of some of the brominated DBPs found during tests done at NIVA compared to tests done elsewhere may be coincidental, but they may also be caused by differences in the site-specific test waters that have been used. At NIVA, particularly the brackish test water may vary considerably due to seasonal variations in the composition of the water collected from 1 meter depth in the fjord. Though, there was no clear tendency of higher DBP levels in the samples collected during brackish water tests as compared to seawater tests (results not shown). However, the higher DBP formation may also be caused by for example lignin added to the test water to comply with the G8 requirements set by IMO. (Sources: IMO 2008a -c, IMO 2009b -d, IMO 2010a -b and IMO 2011a 
Fig. 4 Formation of bromate and trihalomethanes (A) and haloacetic acids (B) in high and
Lignin as a precursor to selected DBPs
Both soluble and particulate organic matters have been added to comply with the required test water quality set by IMO. However, the soluble compounds (lignin and methylcellulose) are the most likely precursors to the formed DBPs. Fig. 5 shows the consumed TRO over the five days storage period (i.e. the difference between in-tank TRO measurements at day 0 immediately after ballasting treatment and at day 5 immediately before discharge treatment) as a function of the initial TRO measured immediately after ballasting treatment for both brackish water tests (Fig. 5A ) and seawater tests (Fig. 5B) . When lignin had been added to the test water, the consumption of active substances strongly correlated with the TRO level in the water directly after ballasting treatment both for brackish water and seawater (R 2 >0.99 and R 2 >0.96, respectively for the linear fit), primarily due to the fact that most of the initial TRO had been consumed. Note also that the inclination lines for lignin in the brackish and seawater tests were both close to 1 (0.98 and 0.83, respectively), indicating that the TRO consumption was never limited by the presence of compounds that would be oxidised within the five days' timeframe. Though limited by the low number of tests, this did not appear to be the case when methylcellulose instead of lignin was added to the test water. However, if the stray point for methylcellulose in seawater is omitted (Fig. 5B) , the linear fit is good (R 2 >0.99). Nevertheless, the concomitant TRO consumption when the TRO dosage was increased was significantly lower for methylcellulose than for lignin, suggesting that lignin contributed more to the TRO consumption than methylcellulose. Note that the calculated TRO consumption does not take into account the immediate consumption occurring during ballasting treatment and until the sample was collected, at the latest 30 minutes after the treatment was finished, nor during discharge treatment (e.g. effect of neutralisation or additional active substances).
However, the correlation between TRO consumption and formation of the individual DBPs after 5 days of storage after ballasting treatment were not that evident. Though, as can be seen from Fig. 6 , the formation of tribromomethane and dibromochloromethane in seawater and brackish water tended to increase with increasing TRO consumption. The linear fits were slightly better for the individual DBP results from the seawater tests when they were plotted against the initial TRO concentration after ballasting treatment, but the linear fits for the results in brackish water were practically unchanged (results not shown). For DBPs such as dibromoacetic acid and bromate the tendencies were not evident (results not shown).
Fig. 5 Observed consumption of TRO at different initial TRO concentrations immediately after ballasting treatment in land-based full scale tests performed at NIVA where lignin or methylcellulose was added as supplemental soluble organic carbon; brackish water tests (A) and seawater tests (B). In the brackish water tests lignin and methylcellulose
were added to 4.6 mg C/l and 6.9 mg C/l, respectively, while in the seawater they were added to 0.95 mg C/l and 1.14 mg C/l, respectively. 
Supportive laboratory scale tests with lignin and methylcellulose
These results from the full scale tests indicated that lignin could be an important precursor for some DBPs and especially trihalomethanes. To assess this under controlled conditions laboratory tests were conducted using sodium hypochlorite as oxidant in brackish test water added lignin or methylcellulose (to 5.0 mg C/l) together with kaolin and starch. Brackish water without any additions was used as blank control. The calculated TRO consumptions 30 min and five days after increasing doses of sodium hypochlorite had been added are shown in Fig. 7 . The relative TRO consumption to the hypochlorite dosage was significantly higher in tests with lignin than in tests with methylcellulose, both the immediate consumption occurring the first 30 min as well as the consumption taking place the next five days. Actually, the observed consumption in the tests with methylcellulose was similar to what was observed in the control blank tests. The TRO consumption was 2.5 times higher for lignin than for methylcellulose over the five days of storage, as given by the increasing slope of the inclination line in Fig. 7 . At the end of the five days there was an excess TRO inn all methylcellulose and control blank tests, while in the lignin tests only in the test with the highest TRO dosage was there any distinct excess TRO at the end of the period.
Some studies from paper bleaching using hypochlorite or chlorine dioxide to degrade lignin compounds are available, but not relevant for ballast water due to the chemical differences between freshwater used in paper industry and seawater used for ballast water (Hamzeh et al., 2006 ). It has not been possible to find published TRO-data from other ballast water test facilities using lignin or other different additives, including micromate humates, instant tea or natural organics. In different natural seawaters and river waters without additives, great variability in TRO consumption was reported (Perrins et al., 2006) . As indicated in our study, differences in initial TRO dose applied and differences in DOC composition will have significant influence on TRO-demand. 8 shows the brackish control-corrected concentrations of tribromomethane, dibromochloromethane and dichlorobromomethane five days after sodium hypochlorite had been added. The linear fits for the correlation between the formation of these trihalomethanes and the concomitant TRO consumption in the test water with lignin were very good for all three compounds (R 2 >0.98), clearly suggesting a relationship between the formation of these DBPs and the presence of lignin. In the test water with methylcellulose there was no indication of increased formation of trihalomethanes with increasing TRO consumption. The concentrations of trichloromethane were below the detection limit (<0.1 µg/l) for all samples. 
Sodium hypochlorite
The concentrations of bromate five days after the dosage of sodium hypochlorite to the waters that contained lignin, methylcellulose or no additives (control blank) relative to the TRO consumptions are shown in Fig. 9 . Interestingly, the presence of lignin appeared to limit the formation of bromate, whereas methylcellulose did not seem to affect the bromate formation potential. The good second order polynomial fits (R 2 =1.00) suggest that the bromate formation was limited by the oxidation of other compounds at low sodium hypochlorite dosages.
Since lignin is one of the most common and naturally occurring compounds in the world, being a structural component in plants, its use as a dissolved organic carbon source in land-based full scale BWMS tests may be regarded as a realistic, but worst case, scenario. As these tests suggest, methylcellulose may be used as a less DBP producing alternative. In another study, the TRO consumption was compared to the formation of halogenated DBP in two different natural water sources, i.e. open seawater and costal seawater (Fabbricino and Korshin, 2005) . In accordance with our study, the nature and the concentration of the DBP were different accordingly to the source water, with a predominance of tribromomethane. 
Conclusion
In total, 75% of the samples showed toxicity effect for high FRO values as expected. Though there seemed to be a relatively good correlation for seawater tests between observed algal toxicity and measured FRO levels at the time of discharge, no such correlation was found for brackishwater tests. However, post neutralisation may assure a non-toxic ballast water discharge for oxidants removal but high DBP levels may still affect the toxicity of the treated water. 22 of the approximately 100 different potential DBP compounds that were analysed for at the time of discharge were detected above the detection limit. Two of these, chlorate and dibromomethane, are at the present time not on the DBP list from GESAMP-BWWG recommended for analysis in connection with risk assessment of treated ballast water. Chlorate was also among the four compounds (tribromoacetic acid, dibromochloromethane, chlorate and monobromoacetic acid) that at times were found at concentrations that may pose a risk to the local aquatic environment, and it is therefore proposed to be included on the list when the list is updated. The precision of the environmental risk assessment was limited by the lack of toxicity data; hence future toxicity tests on these compounds and the so called cocktail effects from the complex mixture in which these compounds are discharged may alter the derived PNEC values considerably. Nevertheless, there seemed to be no clear indication that the measured DBP concentrations affected the algal, crustacean or fish toxicity neither for individual DBPs nor for the sum of all DBPs.
The DBP levels found at NIVA were, in general, relatively high compared to DBP levels found in other land-based full scale BWMS tests. Lignin was identified as an important TRO consumer in the treated ballast water during storage and a possible precursor for the brominated trihalomethanes. As lignin is one of the most common and 
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naturally occurring compounds in the world, its use as a dissolved organic carbon source in the BWMS tests may be regarded as a realistic, but worst case, scenario. Methylcellulose could be a potential replacement for lignin as this compound did not seem to affect neither the TRO consumption nor the formation of trihalomethanes. Interestingly, the presence of lignin appeared to limit the formation of bromate, whereas methylcellulose did not seem to affect the bromate formation potential. Further research should be done with other substantives that are commonly used by test facilities worldwide. Only 5 different BWMS were studied here, all based on chlorination treatment, while IMO reported 34 basic approvals and 20 type approved BWMS using active substances (IMO, 2011e), therefore further study of the correlation between TRO, DBP and toxicity effect with other type of oxidation as ozonation for example should be performed.
